Abstract During a disastrous earthquake, the early assessment and timely reporting of the peak ground acceleration (PGA) and peak ground velocity (PGV) maps will be crucial in an effective emergency response operation. In this study, we first derive an empirical relationship between M L and M W . The PGA and PGV attenuation relationships are deduced with data from the Taiwan Strong Motion Instrumentation Program (TSMIP) and the Taiwan Rapid Earthquake Information Release System (TREIRS). Site corrections of the attenuation relationships for shallow and large earthquakes in Taiwan region are also obtained. Peak values of earthquake strong ground motion can be well determined in Taiwan as soon as the earthquake location is determined, and magnitudes are calculated by the TREIRS. This peak ground motion value information can be immediately turned into the calculated PGA and PGV maps that can be issued within two minutes of the earthquake origin time. During any disastrous earthquake, these maps are found to be very useful for immediate seismic damage assessment and dispatching of emergency response missions.
Introduction
Real-time seismic monitoring, especially for strong earthquakes, is an important tool for seismic hazard mitigation (Kanamori et al., 1997; Teng et al., 1997) . It provides valuable near-real-time information for rapid earthquake emergency response, thereby mitigating the loss. With the importance of rapid earthquake information for seismic hazard mitigation being recognized, efforts to design and implement systems to provide a broad range of rapid earthquake information have recently been expanded (Heaton, 1985; Nakamura, 1988 Nakamura, , 1989 Espinosa-Aranda, et al., 1995; Gee et al., 1996; Wu et al., 1997 Wu et al., , 1998 Wu et al., , 1999 Wald et al., 1999a,b) . During the 1999 Chi-Chi, Taiwan, earthquake a severe test was put on the Taiwan Rapid Earthquake Information Release System (TREIRS) system Wu et al., 2000) . For the purpose of briefness, we use the term T system to mean the TREIRS in this article. We also report our experience and thoughts in the development and application of the T system.
The most common information available immediately following a damaging earthquake is its magnitude and epicenter. However, the damage pattern is not a simple function of these two parameters alone. More detailed information is needed for emergency response agencies to assess the situation for better details and accuracy. For example, for the 20 September 1999 Chi-Chi, Taiwan, earthquake, the city of Tung-Shih Town is in the region with the worst damage, even though it is about 50 km from the epicenter (Fig. 1) . Thus, it is highly desirable to map out distributions of peak ground acceleration (PGA) and peak ground velocity (PGV) in the potentially damaged area. In 1995, the Central Weather Bureau (CWB) developed the T system by a realtime strong-motion network for intensity observations, magnitude, and hypocenter determination routinely after felt earthquakes in the Taiwan region .
The T system consists of 75 telemetered strong-motion stations in Taiwan (Fig. 2) . Three-component force-balanced accelerometer (FBA) digital signals are continuously telemetered to the headquarters of the CWB in Taipei via leased telephone lines. The FBA signal is digitized at 50 samples per sec at a 16-bit resolution. The full recording range is ‫2ע‬g. The interstation spacing of the T system is about 30 km. This spacing is still too large for the damage assessment due to complex geology in Taiwan (Lee et al., 2001) . On the other hand, the Taiwan Strong Motion Instrumentation Program (TSMIP) was successfully implemented six years ago by the CWB, with about 650 modern digital accelerographs at free-field sites (Fig. 2) . The TSMIP signals are digitized at 200 samples per sec or higher and at 16-bit or higher resolution. Most accelerometer sensor recording ranges are ‫2ע‬g. The TSMIP interstation spacing is about 5 km in metropolitan areas. It offers much more detailed description of ground shaking for damage assessment. But they are not continuously telemetered. In this study we combine the data from the T system and the TSMIP network to determine the site corrections. Then, the database of TSMIP site corrections will be integrated into the T system to estimate the PGA and PGV values at the TSMIP sites for the new earthquake. We are aiming at the issuance of these estimated peak values of ground motion within 2 min of the occurrence of a strong earthquake in Taiwan region.
Data
Big and shallow earthquakes often cause serious damage in heavily populated areas. Thus, we selected 60 large and shallow events in Taiwan for this study ( Fig. 3 and Table  1 ). The selection criteria are M L greater than 5.0 and focal depth less than 35 km. All events were well recorded by both the T system and TSMIP network. These events occurred in 1995 to 1999 and were widely felt in Taiwan. These earthquakes are relocated in this study by using both the T system and the TSMIP records. A total of 1369 T system records and 8262 TSMIP records are used for this study.
Relationship of the M L and M W for Shallow Earthquakes in Taiwan
We first use the T system accelerograms to simulate the Wood-Anderson seismograms from which we determine the local magnitude M L (Shin, 1993 Attenuation Relationships for PGA and PGV
The Chi-Chi earthquake sequence is very energetic and provides a wealth of the digital data for large-and nearsource observations. We used those data to determine the attenuation relationships for PGA and PGV. The basic linear regression model used is as following (Liu, 1999) : 
where Y is either PGA or PGV, and r rup is the source-to-site distance in terms of the closest distance to the rupture surface. If the surface was not defined for an event, then epicentral distance was used as the source-to-site distance. The variable h is the saturation term of the PGA and PGV for near-source observation. Here we use square root of rupture area for h. The coefficients C 1 , C 2 , and C 3 are to be deter- mined by regression analysis. A relation between earthquake fault rupture area and magnitude can expressed as (Wyss, 1979) M ‫ס‬ log (A ) ‫ם‬ C,
10 rup where M is magnitude, A rup is fault rupture area in km 2 , and C is a constant. For the case of the Chi-Chi earthquake, M W is 7.6, the fault area is 80 ‫ן‬ 40 km 2 (Kikuchi et al., 2000) , and then C can be determined to be 4.12, and h can be expressed as . This value is used in our 0.5M W 0.00871 ‫ן‬ 10 regression calculations. A total of 1941 records are used in regression process. Data selection criteria is as follows: (1) all of the T system records of the 60 events in Table 1 , and (2) source-to-site distance less than 30 km for the TSMIP records of the 60 events in Table 1 .
In the regression process we only used the source-tosite distance less than 30 km of the TSMIP records. The reasons are that recording is likely more complete in the near source areas because the TSMIP instruments are maintained in trigger mode. Thus, more distant instruments may not be triggered when seismic ground motion decay to below a trigger threshold. Only instruments in the large site amplification areas will be triggered. On the contrary instruments in small site amplification areas will not be triggered. This phenomenon will cause over estimated of the attenuation curve in more distant zones.
The resulting attenuation relationships for PGA and PGA are given by log (PGA) ‫ס‬ 0.00215 ‫ם‬ 0.581M ‫מ‬ log (r (Figs. 7, 8) , respectively. According to the regression results, the PGV fit is better than that of the PGA. Generally, smaller earthquakes can produce high PGA in a near-source area, but they cannot produce high PGV in a near-source area. Obviously, a smaller earthquake in a near-source area with a high PGA is caused by a more higher-frequency signal than is a bigger earthquake. Thus, it does not produce high PGV in the near-source area. The attenuation relationships are determined for a magnitude range from M W 4.8 to 7.6. Therefore, it is appropriate for damage assessment application in a rapid reporting system.
Estimating the TSMIP Site Ground Motions
The TSMIP stations cover almost all of the populated areas of the Taiwan. Therefore, estimating the TSMIP site ground motions will be very important for damage assessment. Generally, site effect is one of the important factors for predicting ground motion. The TSMIP sites still have not been well classified (Lee et al., 2001) . However, those stations have recorded many earthquakes. Thus, the TSMIP site correction, S, can be determined empirically by averaging the residuals between the observed and predicted values as following:
where D i is either the observed PGA or PGV value, and D i is either the predicted PGA or PGV value obtained by the attenuation relationships. Thus, the TSMIP site peak ground motion can be expressed as S ‫ן‬ D i . Figures 9 and 10 show the PGA and PGV site correction contour maps of the TSMIP stations. The results show that the western coastal plain, Taipei basin, and Pingtung and Lanyang plains are places of high amplification (Fig. 1) . On other hand, the Central Mountain Range and the eastern Taiwan areas are places of low amplification. The results agree reasonably well with the surface geology from published maps. After applying the site amplification correction in the regression process, the standard deviations of the residuals between the observed and predicted values significantly decreased to 0.66 and 0.61 for PGA and PGV (Figs. 7, 8 ), respectively. Immediately after a strong earthquake, PGA and PGV values of all of the T system stations are available at the CWB headquarters. The peak ground motion P at a TSMIP site can be estimated by
T cal where D is either the predicted PGA or PGV value obtained by the attenuation relationships, T obs is the observed value at the nearest T system station, and T cal is the predicted value by the attenuation relationships with site correction at that T system station. Generally, the attenuation relationships and site corrections represent a statistically averaged effect. Every event possesses its own characteristics, such as the source radiation patterns and directivity effect. And the T system observed values imply such characteristics. Since our primary objective is to estimate the TSMIP site ground motions within 2 min after occurrence of a felt earthquake in the Taiwan region (Wu et al., 2000) , the procedure presented in this article represents a first-order measure of groundmotion intensity. 
Validation Tests on Estimation of Peak Values
We use the extensive recordings of the Chi-Chi earthquake to test the estimation scheme outlined above. Figure  11D gives the reality-the PGA map based on both the T system and the TSMIP observations. If only the T system data are used, we have a PGA map that gives the basic and rough structure of Figure 11D . If only the calculated TSMIP PGA values are used, Figure 11B gives an inferior PGA map because the attenuation relationship is mainly based on a point source that deviates from the reality of the long ChiChi earthquake rupture. Figure 11C shows the result of the estimation scheme outlined above, it gives a PGA map much more close to the observed PGA map given by Figure 11D . We conclude that our schemes are satisfactory in estimating the PGA values. However, Figure 9C still underestimates the PGA values to the north of the epicenter where the Chelungpu rupture is terminating. This discrepancy mainly comes from insufficient source correction. However, the results are acceptable as first cut for practical applications. Figure 12A and B shows the Chi-Chi mainshock distribution of the calculated and observed PGV values, respectively, at the TSMIP sites. Generally, the fitting is reasonably close except for a special high PGV area toward the north of lution (that can provide the earthquake location and magnitude in 1 min). This will be incorporated into the current CWB seismic network operation. We expect that the calculated PGA and PGV maps will be useful for earthquake emergency response operations. the epicenter. This discrepancy again can be attributed to extensive length of the Chelungpu rupture and insufficient site corrections. However, the principal features in Figure  12A are not too far off for emergency response purpose. We have performed a similar validation test using data from a large (M W 6.5) Chi-Chi aftershock that occurred on 25 September 1999. The calculated and observed PGA values are given in Figure 13A and B, respectively. The calculated and observed PGV values are given in Figure 13C and D. For events without extended rupture, the calculated peak values more closely approximate the observations.
Conclusions
From a large set of strong-motion data of 60 shallow large earthquakes recorded over a relatively short period of time (5 yr), we have derived the PGA and PGV attenuation relationships for shallow earthquakes in the Taiwan region. Using these attenuation relationships and the large amount of strong-motion data, especially from those densely distributed 650 or so TSMIP stations, we have derived the site effect corrections for all strong-motion station sites in Taiwan. With the attenuation relationships and the site corrections database, we have developed and tested a practical procedure for the calculating PGA and PGV values as soon as (in 2 min) a strong earthquake happens in Taiwan. The only input this peak values calculation procedure needs is the T-system so-
